1. Introduction {#sec0005}
===============

Chemotherapy drugs have many mechanisms of actions and may belong to more than one group. One group of chemotherapeutic drugs is alkylating agents that directly damage DNA. Alkylating agents include the platinum drugs (cisplatin, carboplatin and oxalaplatin) \[[@bib0005]\]. High dose of carboplatin induces ototoxicity in cancer patients and oxidative injury in rats *via* the generation of free radicals and the depletion of antioxidants \[[@bib0010]\].

Immunomodulating drugs such as thalidomide, lenalidomide and revlimid is another group of chemotherapeutic agents. Thalidomide was used as a sedative drug to treat morning sickness in pregnant women in the 1950s, but was subsequently withdrawn from the market in 1961 because of severe teratogenicity and neurotoxicity \[[@bib0015]\]. Interestingly, subsequent studies on the mechanisms of thalidomide teratogenicity revealed that the compound was an effective anticancer and anti-inflammatory agent. The US Food and Drug Administration approved thalidomide for the treatment of lepromatous leprosy and multiple myeloma in 1998 and 2006, respectively \[[@bib0020]\]. Thalidomide is used experimentally to treat various cancers, dermatological, neurological and inflammatory diseases. Thalidomide and its immunomodulatory analogues have numerous effects on the body\'s immune system, including potential anti-cancer and anti-inflammatory activities \[[@bib0025]\].

Antineoplastic agents induce oxidative stress in biological systems. During cancer chemotherapy, oxidative stress induced lipid peroxidation generates numerous electrophilic aldehydes that can attack many cellular targets. These products of oxidative stress can slow cell cycle progression of cancer cells and cause cell cycle checkpoint arrest, effects that may interfere with the ability of anticancer drugs to kill cancer cells. The aldehydes may also inhibit drug-induced apoptosis (programmed cell death) by inactivating death receptors and inhibiting caspase activity. These effects would also diminish the efficacy of the treatment. The use of antioxidants during chemotherapy may enhance therapy by reducing the generation of oxidative stress-induced aldehydes \[[@bib0030]\].

Oxidative damage represents a major mechanism of cytotoxicity to normal cells by most chemotherapeutic agents since the drugs of many classes of antineoplastic agents are known to generate a high level of oxidative stress in biological systems. A good deal of evidence suggests that reactive oxygen species (ROS) have an important role in certain chemotherapy-induced side effects. Examples include doxorubicin-induced cardiotoxicity, bleomycin-induced pulmonary fibrosis, and cisplatin-induced nephrotoxicity, ototoxicity and neurotoxicity \[[@bib0030]\].

Antioxidants are potent scavengers of free radicals and serve as inhibitors of neoplastic processes. A large number of synthetic and natural antioxidants have been demonstrated to induce beneficial effects on human health and disease prevention \[[@bib0035]\]. A broad spectrum of pharmacological and therapeutic benefits of grape seed proanthocyanidin extract (GSPE) against oxidative stress and degenerative diseases, including cardiovascular dysfunctions, acute and chronic stress, gastrointestinal distress, neurological disorders, pancreatitis, various stages of neoplastic processes and carcinogenesis including detoxification of carcinogenic metabolites, have been reported \[[@bib0040]\].

GSPE is a superior scavenger as compared to vitamins C, E and carotene and prevents hepatic and brain lipid peroxidation and DNA damage in animals. Besides antioxidant activity, GSPE has been described as anti- microbial, anti-cancer, anti-inflammatory and anti-fatigue agent \[[@bib0045]\]. GSPE protects against structurally diverse drug and chemical-induced multi-organ toxicity, induces selective cytotoxicity toward human breast, lung, gastric and pancreatic cancer cells while maintaining growth and viability of normal cells \[[@bib0040]\]. Our previous studies showed that GSPE is capable of alleviating cisplatin-induced damage in kidney genomic DNA, nephrotoxicity and oxidative stress in male rats \[[@bib0050],[@bib0055]\]. The aim of the present study was to investigate the chemo-protective effect of GSPE against neurotoxicity and nephrotoxicity induced by thalidomide and carboplatin *via* reactive oxygen species, nitric oxide, total antioxidant capacity, antioxidant enzymes, neurotransmitters, cytokines (tumor necrosis factor and interleukin-6), tumor suppressor gene P53, biochemical parameters and histopathological changes in male rats.

2. Materials and methods {#sec0010}
========================

2.1. Tested compounds and doses {#sec0015}
-------------------------------

Thalidomide (C1~3~H~10~N~2~O~4~) was purchased from Sigma Chemical Company (St. Louis, MO, USA). Carboplatin (C~6~H~14~N~2~O~4~Pt) obtained from Vitafor additives and pharmaceuticals, Germany ([www.vitafor.com](http://www.vitafor.com){#intr0005}). A dried, powdered grape seed proanthocyanidin extract (GSPE) was obtained from Pharco Pharmaceuticals Company (Alexandria, Egypt). The dose of thalidomide was 60 mg/kg according to the study of Kaczmarczyk-Sedlak et al. \[[@bib0060]\]. The dose of carboplatin was 196 mg/kg according to Husain et al. \[[@bib0065]\]. The dose of grape seed proanthocyanidin extract (GSPE) was 200 mg/kg BW according to Yousef et al. \[[@bib0055]\].

2.2. Animals and experimental groups {#sec0020}
------------------------------------

Forty *Wistar* male rats weighing 160--180 g (6--8 weeks old) were used. Animals were obtained from Faculty of Medicine, Alexandria University, Alexandria, Egypt. The local committee approved the design of the experiments, and the protocol conforms to the guidelines of the National Institutes of Health (NIH). Animals were housed in a stainless steel wire cages (five animals were housed in each cage) and kept on basal diet and given feed and water *ad libitum*. Animals were maintained in a controlled atmosphere at temperature of 25 ± 5 °C and 50--70% humidity. After two weeks of acclimation, animals were divided into four equal groups (10 animals each) as follows: the first group was used as control, the second group was treated orally for 28 consecutive days with GSPE (200 mg/kg BW in 5 ml), the third group was treated intraperitoneally (i.p.) daily with thalidomide (60 mg/kg BW in 0.1 ml/100 g BW) for 14 consecutive days then followed by oral administration with carboplatin (196 mg/kg BW in 1 ml/kg BW) for another 14 days and the fourth group was treated with the combination of GSPE (200 mg/kg BW) and thalidomide (60 mg/kg BW) for 14-day and then followed by GSPE (200 mg/kg BW) and carboplatin (196 mg/kg BW) for other 14-day.

2.3. Blood samples collection and tissue preparations {#sec0025}
-----------------------------------------------------

At the end of the 28th day of the experimental period, all animals of each group were anaesthetized with diethyl ether and sacrificed. Blood samples were collected from anaesthetized rats in test tubes containing heparin as an anticoagulant and placed immediately on ice. The collected blood was centrifuged at 860×*g* for 20 min for the separation of plasma. The plasma was kept at −80 °C until analyses of the tested parameters. Brain and kidney were immediately excised, washed using chilled saline solution and the adhering fat and connective tissues were removed. Brain and kidney were divided into two parts; one part was immersed immediately in formalin for histological analysis, the other part was minced and homogenized (10%, w/v), separately, in ice-cold sucrose buffer (0.25 M) in a Potter--Elvehjem type homogenizer, the homogenates were centrifuged at 10,000×*g* for 20 min at 4 °C, to pellet the cell debris, and the supernatant was collected and stored at −80 °C.

2.4. ELISA measurements {#sec0030}
-----------------------

Tumor suppressor gene p53, tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) were assayed, using Enzyme-linked Immunosorbent Assay (ELISA) kits, in brain and kidney tissue homogenates according to the methods of Yang et al. \[[@bib0070]\], Hedayati et al. \[[@bib0075]\] and Ferguson-Smith et al. \[[@bib0080]\], respectively. Dopamine and serotonin levels and norepinephrine hormone were determined by using a competitive inhibition enzyme immunoassay technique kits for the *in vitro* quantitative measurement from Cloud-Clone Corp. Houston, USA.

2.5. Markers of oxidative stress {#sec0035}
--------------------------------

Tissue supernatant thiobarbituric acid-reactive substances (TBARS) were measured at 532 nm by using 2-thiobarbituric acid (2,6-dihydroxypyrimidine-2-thiol; TBA). Total antioxidant capacity (TAC) and the level of nitric oxide (NO) were assayed in brain and kidney homogenates. Superoxide dismutase (SOD) was determined and the assay procedure involves the inhibition of epinephrine auto-oxidation in an alkaline medium (pH 10.2) to adrenochrome, which is markedly inhibited by the presence of SOD. Epinephrine was added to the assay mixture, containing tissue supernatant and the change in extinction coefficient was followed at 480 nm in a spectrophotometer. Glutathione peroxidase (GPX) activity was determined in brain and kidney homogenates. Glutathione S-transferase (GST) catalyzes the conjugation reaction with glutathione in the first step of mercapturic acid synthesis. The activity of GST was measured in tissue homogenates and P-nitrobenzylchloride was used as substrate. The absorbance was measured spectrophotometrically at 310 nm using UV-Double Beam Spectrophotometer. The catalase enzyme (CAT) converts H~2~O~2~ into water. The CAT activity in tissue homogenates was measured spectrophotometrically at 240 nm by calculating the rate of degradation of H~2~O~2~, the substrate of the enzyme. Reduced glutathione content was determined. The method utilized metaphosphoric acid for protein precipitation and 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) for color development, and density was measured at 412 nm. All the above assays were determined according to the manual instructions of Biodiagnostic Kit, Egypt.

2.6. Biochemical parameters {#sec0040}
---------------------------

Acetylcholinesterase (AChE) activity was estimated in plasma and brain according to the method of Ellman et al. \[[@bib0085]\]. Plasma creatinine, total bilirubin, total lipids, cholesterol and triacylglycerol (TAG) were measured with kits from Biosystems S.A (**Biosystems S.A. Costa Brava 30, Barcelona, Spain**).

2.7. Histological section preparation of brain and kidney {#sec0045}
---------------------------------------------------------

Brain and kidney specimens were obtained from rats, and immediately fixed in 10% formalin, and then treated with conventional grade of alcohol and xylol, embedded in paraffin and sectioned at 4--6 μm thickness. The sections were stained with Haematoxylin and Eosin (H&E) stain for studying the histopathological changes \[[@bib0090]\].

2.8. Statistical analysis {#sec0050}
-------------------------

Results are reported as means ± SE. Statistical analysis for all studied parameters were performed using the general linear model (GLM) produced by Statistical Analysis Systems Institute \[[@bib0095]\]. Duncan\'s New Multiple Range Test was used to test the significance of the differences between means \[[@bib0100]\]. Values of p \> 0.05 were considered statistically significant.

3. Results {#sec0055}
==========

[Fig. 1](#fig0005){ref-type="fig"} represent the data of kidney and brain tumor suppressor P53 (P53), tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) of rats treated with GSPE, thalidomide for 14 days followed by carboplatin for 14 days and their combination with GSPE. Treatment with thalidomide for 14 days followed by carboplatin for 14 significantly (P \> 0.05) increased the levels of P53, IL-6 and TNF-α in kidney and brain compared to control group. The combination group of GSPE with thalidomide and carboplatin reduced the elevation of P53, IL-6 and TNF-α compared to group treated with thalidomide and carboplatin.Fig. 1Mean values ± SE of kidney and brain levels of tumor suppressor P53 (P53), tumor necrosis factor-α (TNF-α) interleukin 6 (IL-6) of male rats treated with grape seed proanthocyanidin extract (GSPE), thalidomide (Thal.), carboplatin (Carbo.) and their combination.Mean values not sharing a common superscript letters (a--d) were significantly different, p \< 0.05.Fig. 1

The mean values of brain acetylcholine esterase (AChE), dopamine, serotonin and norepinephrine of rats treated with grape seed proanthocyanidin extract (GSPE), thalidomide, carboplatin and their combination are presented in [Fig. 2](#fig0010){ref-type="fig"}. Treatment with thalidomide for 14 days followed by carboplatin for 14 significantly (P \> 0.05) significantly decreased brain AChE, dopamine and serotonin, while significantly increased norepinephrine compared to control group. The presence of GSPE with thalidomide and carboplatin in the combination group reduced their neurotoxicity compared to the group treated with thalidomide and carboplatin.Fig. 2Mean values ± SE of brain acetylcholine esterase (AChE), dopamine serotonin, and norepinephrine of male rats treated with grape seed proanthocyanidin extract (GSPE), thalidomide (Thal.), carboplatin (Carbo.) and their combination.Mean values not sharing a common superscript letters (a--d) were significantly different, p \< 0.05.Fig. 2

Kidney and brain thiobarbituric acid reactive substances (TBARS), nitric oxide (NO), reduced glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), glutathione peroxidase (GPx) and total antioxidant capacity (TAC) of rats treated with GSPE, thalidomide, carboplatin and their combination are expressed in [Fig. 3](#fig0015){ref-type="fig"}, [Fig. 4](#fig0020){ref-type="fig"}. Data showed that treatment with thalidomide for 14 days followed by carboplatin for 14 significantly increased the levels of TBARS and NO, while significantly (P \> 0.05) decreased the activities of antioxidant enzymes (SOD, GST, GPx, CAT and TAC) and the level of GSH compared to control group. Treatment with the antioxidant GSPE alone significantly (P \> 0.05) reduced the levels of TBARS and NO, while significantly (P \> 0.05) increased the antioxidant enzymes and GSH in kidney and brain compared to control group. The presence of GSPE with thalidomide and carboplatin overcame their oxidative effect and reduced the elevation in TBARS and NO, and increased the reduction in TAC, GSH and antioxidant enzymes.Fig. 3Mean values of ±SE kidney thiobarbituric acid-reactive substances (TBARS), nitric oxide (NO), glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), glutathione *S*-transferase (GST), glutathione peroxidase (GPX) and total antioxidant capacity (TAC) activities levels of male rats treated with grape seed proanthocyanidin extract (GSPE), thalidomide (Thal.), carboplatin (Carbo.) and their combination.Mean values not sharing a common superscript letters (a--d) were significantly different, p \< 0.05.Fig. 3Fig. 4Mean values of ±SE brain thiobarbituric acid-reactive substances (TBARS), nitric oxide (NO), glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), glutathione *S*-transferase (GST), glutathione peroxidase (GPX) and total antioxidant capacity (TAC) activities levels of male rats treated with grape seed proanthocyanidin extract (GSPE), thalidomide (Thal.), carboplatin (Carbo.) and their combination.Mean values not sharing a common superscript letters (a--d) were significantly different, p \< 0.05.Fig. 4

Total lipids, triglyceride, cholesterol, bilirubin and creatinine of plasma are presented in [Fig. 5](#fig0025){ref-type="fig"}. Treatment with thalidomide for 14 days followed by carboplatin for 14 days significantly (P \> 0.05) increased the levels of lipid profile, bilirubin and creatinine compared to control group. The combination of GSPE with thalidomide and carboplatin alleviated their effects on above parameters compared to thalidomide and carboplatin group.Fig. 5Mean values ± SE of plasma total lipid, triglyceride, cholesterol, bilirubin and creatinine of male rats treated with grape seed proanthocyanidin extract (GSPE), thalidomide (Thal.), carboplatin (Carbo.), and their combination.Mean values not sharing a common superscript letters (a, b, c, d) were significantly different, p \< 0.05.Fig. 5

Histological study of brain sections of control and GSPE ([Fig. 6](#fig0030){ref-type="fig"}A & B) revealed normal histoarchitecture of the pyramidal and polymorphic cells in the cerebral cortex. Sections in cerebral cortex of thalidomide and carboplatin-treated group showed loss of normal structure, neuronal degeneration with pyknotic nuclei, dilatation of blood capillary with hemorrhage ([Fig. 6](#fig0030){ref-type="fig"}C1 & C2) compared to control group. However, sections of brain of rats treated with thalidomide, carboplatin and GSPE exhibited slightly restored neuronal cells more or less near to normal structure with few glail cells and residual dilatation and hemorrhage of blood vessels ([Fig. 6](#fig0030){ref-type="fig"}D). The histological examination of kidney of the control and GSPE groups showed normal kidney structure which contains normal glomeruli, proximal and distal convoluted tubules ([Fig. 7](#fig0035){ref-type="fig"}A & B). On the other hand, thalidomide and carboplatin treatment induced histopathological alterations in the kidney such as shrinkage of capillaries in the glomerulus with vacuolization and capsular space, slightly degeneration with pyknotic nuclei of both proximal and distal tubules compared to the control group ([Fig. 7](#fig0035){ref-type="fig"}C1 & C2). Supplementation of GSPE in combination with thalidomide and carboplatin showed partial improvement of histopathological alterations compared to thalidomide and carboplatin treated group ([Fig. 7](#fig0035){ref-type="fig"}D).Fig. 6Light micrograph of brain of male rats: (A) Control: normal histo-architecture. (B) Section of the cerebral cortex of rats treated with grape seed proanthocyanidin extract (GSPE), showing normal histology of the pyramidal cells layer and the polymorphic layer (white and green dotted arrows) and few glail cells (yellow arrow). (C1 & C2): Thalidomide and carboplatin-treated rats showing diffused gliosis (white square), dilatation of blood capillary with hemorrhage and pyknotic nuclei (blue dotted arrow), neuronal degeneration (green arrow) and encephalomelacia (yellow square) (D). Section of brain of rat treated with thalidomide, carboplatin and GSPE showing slightly restores of the neuronal cells more or less near to normal structure (black arrow) with few glail cells (yellow arrow) and residual dilatation & hemorrhage of blood vessels (blue dotted dotted arrow). (H & E, 400 X).Fig. 6Fig. 7Photomicrograph of kidney sections: (A) Control group and (B) Group of grape seed proanthocyanidin extract (GSPE) treated rats showing normal cortical architecture with normal glomerulus (G), proximal convoluted tubules (P), distal convoluted tubules (D). (C1 & C2) Sections in kidney tissue of thalidomide and carboplatin -treated group showing shrunken glomeruli (G) with the capsular space, degenerative changes in the epithelial cells lining the renal tubules with pyknotic nuclei (yellow square & black arrows), vacuolization (green arrows) and tubular lumen with cellular debris & congestion (blue dotted arrows). Histological alterations induced after thalidomide and carboplatin treatment were markedly reduced in the combination group (D) thalidomide, carboplatin + GSPE treated rats showing moderate improvement in kidney tissue. (H. & E. 400 X).Fig. 7

4. Discussion {#sec0060}
=============

4.1. Carboplatin and thalidomide {#sec0065}
--------------------------------

Our work aimed to investigate the neurotoxicity and nephrotoxicity induced by carboplatin and thalidomide through changes in cytokines, tumor suppressor protein p53, neurotransmitters, oxidative stress and histopathology. The obtained data revealed that treatment with thalidomide and carboplatin enhanced the expression of kidney and brain tumor suppressor P53 (P53), tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) ([Fig. 1](#fig0005){ref-type="fig"}). Tumor necrosis factor-alpha (TNF-α) is a cytokine that plays a central role in the regulation of host immune and inflammatory response to infection. In the central nervous system, TNF-α is involved in induction of a fever response and triggers the release of other cytokines, and may also influence transport of compounds into the brain, leading to cerebrospinal fluid leukocytosis, increased protein influx, and lactate accumulation \[[@bib0105]\]. Cytokines regulate function of many cells in an additive, synergistic or antagonistic manner. Interleukin-6 (IL-6) is mainly secreted by fibroblasts, macrophages and lymphocytes. It promotes tumor growth by up-regulating antiapoptotic and angiogenic proteins in tumor cells \[[@bib0110],[@bib0115]\]. Activation of the p53 pathway has been known as one of the central mechanisms for DNA-damaging agents to induce cell apoptosis and tumor inhibition \[[@bib0120]\]. Cisplatin and its second generation drug carboplatin act similarly, *i.e*. both drugs cause a concomitant decrease in *p53 mRNA* and an increase in p53 protein level \[[@bib0125]\]. The present study revealed that carboplatin and thalidomide induced oxidative stress through increasing the levels of free radicals and nitric oxide, and the depletion of glutathione levels and inhibition of antioxidant enzymes. The induction of the cytokines and P53 might be due to the oxidative stress. Also, Ramesh and Reeves \[[@bib0130]\] stated that hydroxyl radicals, either directly or indirectly, activate p38 MAPK (mitogen activated protein kinase) which plays an important role in mediating cisplatin-induced acute renal injury and inflammation, through the production of TNF-α. The p53 tumor suppressor pathway is a key mediator of the stress response that protects the organism from accumulating genetically altered and potentially cancerous cells by inducing growth arrest or apoptosis in damaged cells \[[@bib0135]\]. Activation of microglia in hippocampus results in releasing many neuro-inflammatory mediators such as TNF-α, IL-1β and NF-κB \[[@bib0140]\]. Moreover, microglial activation can induce an inflammatory-oxidative cascade leading to cognitive deficit \[[@bib0145]\]. In addtion, TNF-α was capable of inducing the death of cultured dopaminergic neurons \[[@bib0150]\].

Neurotoxicity, severe cumulative myelosuppression, renal toxicity and ototoxicity are commonly caused by platinum-based chemotherapy \[[@bib0155]\]. The dorsal root ganglia (DRG) are the main target of platinum drug-induced peripheral neuropathies induced by chemotherapy (CIPN) \[[@bib0160]\]. The body of the experimental evidence points toward 2 different putative mechanisms, not necessarily mutually exclusive, because both can eventually produce DRG neuron apoptosis: (i) the formation of platinum intra-strand adducts and inter-strand crosslinks, which influence the tertiary structure of the nuclear DNA \[[@bib0165]\], alternating cell-cycle kinetics \[[@bib0170]\] and (ii) the interaction with mitochondrial DNA, leading to oxidative stress \[[@bib0175]\] and possibly to p53 increased activity and mitochondrial release of cytochrome-c pathway \[[@bib0180]\].

Carboplatin causes dose-limiting and cumulative myelosuppression, characterized by frequent and severe thrombocytopenia, granulocytopenia and anaemia. Likewise, cisplatin is associated with several cumulative and irreversible toxicities, including dose-dependent renal tubule toxicity and neurotoxicity \[[@bib0185]\]. Cisplatin induces decrease in immunoreactivity for most of the selected neurotransmitter markers \[[@bib0190]\]. Our results reveal that treatment with thalidomide and carboplatin causes neurotoxicity *via* decreased AChE, dopamine and serotonin and increased norepinephrine in brain ([Fig. 2](#fig0010){ref-type="fig"}). Administration of chemicals disturbs the spontaneous activity of the cells and influences neurotransmitter turnover. Thus the level of neurotransmitters in brain and plasma of rats has been evaluated. Neurotransmitters are known to play a key role in memory, awareness, thought, and consciousness and allow the organism to become alert and guards against the intensification of reflex reactions and other behavior. Our results suggest that treatment with the carboplatin and thalidomide resulted in altered synthesis and release of certain neurotransmitters and receptors in nerve cells, leading to neural damage. In addition, ROS could attack the various kinds of neuronal connections and decrease the memory in experimental animals \[[@bib0195]\]. The resulting oxidative stress and brain injury in the present study might be due to a cascade of reactions triggered by chemotherapeutic agents, such as lipid peroxidation, decreased activity of antioxidant enzymes, release of nitric oxide, reduction of glutamic acid, and changeable levels of AChE, dopamine, serotonin and norepinephrine. Astrocytes are involved in several homeostatic functions such as regulating neurotransmitter concentrations (*i.e*., glutamate, GABA), secreting neurotrophic factors and maintaining BBB integrity \[[@bib0200]\]. As well as, cytokines and chemokines, enabling the regulation of immune signalling in both normal and diseased brain. Cisplatin induced decrease in immunoreactivity for most of the selected neurotransmitter markers, thereby altering the postnatal development of circuits in the hippocampal formation. Cisplatin also brought out clear evidence for an interaction between excitatory and inhibitory neurotransmitter markers during the postnatal maturation of cells and fiber projections containing GluR2/3 and GAD65, despite the fact that glutamatergic neurons and GABAergic interneurons are divergent in their source of genesis and in their mode of migration \[[@bib0190]\]. Mechanistically, both autonomic and neuroendocrine function may promote stress-induced inflammation. Norepinephrine enhances proinflammatory cytokines by inducing nuclear factor kB (NF-kB) transcription, an intracellular signaling molecule that regulates proinflammatory cytokine gene expression \[[@bib0205],[@bib0210]\]. Furthermore, higher levels of parasympathetic activity can reduce inflammation *via* the cholinergic anti-inflammatory pathway that induces acetylcholine release \[[@bib0215]\].

Antioxidant enzymes are the first line of defense against free radicals/reactive oxygen species (ROS)-induced oxidative renal injury \[[@bib0065]\]. Thiobarbituric acid reactive substances (TBARS) are produced by lipid peroxidation and are considered as indicators of oxidative stress \[[@bib0220]\]. Anticancer agents usually demolish the physiological homoeostasis in various organs during treatment of cancer. Physiological side effects can occur that are induced in non-tumor cells mostly by radical formation and oxidant injury \[[@bib0225],[@bib0230]\]. The present results indicate that treatment with thalidomide and carboplatin induces oxidative stress *via* increased TBARS and NO, and decreased antioxidant enzymes, GSH and TAC in brain and kidney. This is agreement with Yousef and Hussien \[[@bib0235]\] who found that cisplatin increased the levels of kidney TBARS, xanthine oxidase and nitric oxide, and decreased the activities of antioxidant enzymes (GST, GPX, CAT and SOD), and the levels of GSH. Moreover, our previous studies showed that treatment with cisplatin induced lipid peroxidation and inhibited the activities of the antioxidant enzymes in kidney \[[@bib0050],[@bib0055]\].

Kidneys represent the major control system maintaining body homeostasis. Plasma concentration of creatinine determines renal function and is thus considered as biomarker of kidney disease \[[@bib0240]\]. The obtained results indicate that thalidomide and carboplatin induce nephrotoxicity *via* increased creatinine and bilirubin. The kidney is considered to be the primary target organ for carboplatin toxicity. Also, cisplatin significantly increased the levels of plasma total lipid, cholesterol, urea and creatinine, and the relative weight of kidney \[[@bib0055]\]. Carboplatin-induced nephrotoxicity may be due to impaired antioxidant enzyme activities and suppression of antioxidant enzymes protein expression in the kidney \[[@bib0220]\], and this is in agreement with the obtained data that shows increase in TBARS, NO, and decrease in the antioxidant enzymes activity and GSH levels in kidney of rats treated with carboplatin and thalidomide.

Histological alterations in kidney showed that thalidomide and carboplatin administration induces morphological changes in the kidney tissues compared to the control group. They caused atrophy in glomerulus and degeneration of epithelial of proximal and distal tubules. These results are in the same line with Kim et al. \[[@bib0245]\] who reported that injection of cisplatin caused renal morphological changes including tubular necrosis desquamation and degeneration in the proximal and distal tubules. Carboplatin nephrotoxicity has suggested that higher cumulative dose is associated with greater tubular toxicity \[[@bib0250]\]. Increased TNF-α production in response to cisplatin treatment has been demonstrated in renal epithelial cells *in vitro*, raising the possibility that renal parenchymal cells may be a major source of TNF-α production \[[@bib0130]\]. In the same manner kidney cytokines (IL-6 and TNF-α) increased due to treatment with carboplatin and thalidomide. We hypothesize that the induction of oxidative stress could cause kidney damage and increase the levels of cytokines.

Histological study of brain sections of thalidomide and carboplatin-treated group showed loss of normal structure, neuronal degeneration with pyknotic nuclei, and dilation of blood capillary with hemorrhage. Similarly, cisplatin has negative effects on cerebellar cortex neurons \[[@bib0255]\]. Gulec et al. \[[@bib0260]\] suggested that sufficient levels of cisplatin have been shown to cause toxicity in the brain. Our result indicate that cytokines induced due to exposure to carboplatin and thalidomide in brain which caused neurotoxicity and this may be due to the upregulation of free radicals, downregulation in the antioxidant enzymes, and the depletion in the levels of glutathione.

4.2. Grape seed proanthocyanidin exract {#sec0070}
---------------------------------------

The present results indicate the ability of GSPE to ameliorate carboplatin and thalidomide induced neurotoxicity and nephrotoxicity. Similarly, our previous studies tested the protective effect of GSPE against cisplatin in kidney showed that GSPE treatment significantly protected genomic DNA, lipid peroxidation, inhibition of antioxidant enzymes and alterations of biochemical parameters in plasma and kidney of rats \[[@bib0050],[@bib0055]\]. It seems likely that GSPE inhibits the inflammatory mediators by several mechanisms. Macrophages sense the presence of pathogens through Toll-like receptors (TLRs) and other receptors. Among TLRs, TLR4 has a dominant role in various inflammatory diseases \[[@bib0265]\]. Stimulation of TLR4 by lipopolysaccharide (LPS) triggers the recruitment of the cytoplasmic adaptor protein MyD88 and the activation of TAK1, which subsequently activates downstream signaling pathways such as the MAPKs and nuclear factor-kappa B (NF-κB). Also, Chu et al. \[[@bib0270]\] reported that GSPE has been found to suppress the mRNA expression of pro-inflammatory cytokines like tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and inflammatory molecule of cyclooxygenase-2 (COX-2), while mRNA level of IL-10 was greatly promoted. Furthermore, GSPE inhibited the phosphorylation of extracellular signal-regulated protein kinase (ERK), c-Jun terminal kinase (JNK) and P38, IKK α/β and nuclear factor-kappa B (NF-κB) p65 subunit. GSPE may exert its therapeutic effects on the collagen-induced arthritis (CIA) animal model through its anti-inflammatory effects as well as its antioxidant activity \[[@bib0270],[@bib0275]\]. Our results showed that GSPE showed its anti-inflammatory by suppressing the induction of cytokines (IL-6 and TNF-α) and P53. Ramesh and Reeves \[[@bib0130]\] stated that hydroxyl radicals, either directly or indirectly, activate p38 MAPK (mitogen activated protein kinase) which plays an important role in mediating cisplatin-induced acute renal injury and inflammation, through the production of TNF-α. Our previous *in vivo* studies demonstrated that GSPE has specificity for the hydroxyl radical and decrease the over generation of free radicals \[[@bib0050],[@bib0055]\].

Lipid peroxidation is ascribed to a free radical--mediated chain reaction that damages cell membranes and inhibition of this process by GSPE is mainly attributed to its high ability of scavenging free radicals. In the present study, combined treatment of carboplatin and thalidomide and GSPE resulted in significant decrease in TBARS, significant elevation in GSH content of brain and renal tissue indicating the protection offered by GSPE against carboplatin and thalidomide damage. GSPE also maintained the activities of CAT, SOD, GPx, GST and TAC and GSH-dependent antioxidant enzymes when compared to control group which indicates the protective nature of GSPE against carboplatin and thalidomide induced oxidative stress. The obtained results are in agreement with Saad et al. \[[@bib0050]\] and Yousef et al. \[[@bib0055]\] who reported the beneficial effects of GSPE in nephroprotection against cisplatin-induced kidney injury, in which oxidative stress was long known to contribute to the pathogenesis. The chemical properties of proanthocyanidins in term of the availability of the phenolic hydrogens as hydrogen donating radical scavengers and singlet oxygen quenchers predict their antioxidant activity \[[@bib0280]\]. This antioxidant activity has been proven to be significantly more potent than that of vitamin C, E or beta carotene \[[@bib0285]\].

Moskaug et al. \[[@bib0290]\] reported that dietary plant polyphenols, namely the flavonoids, modulate expression of an important enzyme (gamma-glutamylcysteine synthetase) in both cellular antioxidant defenses and detoxification of xenobiotics. This enzyme is rate limiting in the synthesis of the most important endogenous antioxidant in cells, glutathione. Since, proanthocyanidins are naturally occurring polyphenolic compounds \[[@bib0280]\], the protective effect of GSPE against cisplatin-induced toxicity may be attributed to GSPE potential to enhance glutathione synthesis. Also, GSPE exhibits free radical scavenging ability, inhibition of DNA topoisomerase II activity, inhibition of protein kinase C, anti-endonucleolytic activity and cytochrome P450 2E1 inhibitory effect. It was also reported to show anti-carcinogenic activities, modulatory effects on oxidative and apoptotic regulatory genes such as Bcl2, c-myc and p53, which may be responsible for the novel chemo-preventive properties exhibited by GSPE \[[@bib0280]\]. *In vivo* studies have shown that GSPE is a better free radical scavenger and inhibitor of oxidative tissue damage, DNA fragmentation, and subsequent apoptosis than all the antioxidant vitamins. In fact, it is twenty times more potent than Vitamin C, and 50 times stronger than Vitamin E \[[@bib0295]\].

The present results showed that GSPE alone or in combination with carboplatin and thalidomide significantly lowered the lipid profile. Oral administration of proanthocyanidins from grape seed produced a hypocholesterolemic effect in a high-cholesterol animal feed model; specifically, it prevented an increase in total and LDL plasma cholesterol and a decrease in HDL \[[@bib0300]\]. Natella et al. \[[@bib0305]\] stated that oligomeric proanthocyanidins supplementation resulted in decreased lipid peroxidation, increased plasma antioxidant levels, and improved resistance of LDL to oxidation in volunteers consuming a lipid-rich test meal. The significant decrease in the elevated levels of both parameters in rats receiving GSPE prior to cisplatin indicated the ability of GSPE to counteract cisplatin-induced toxicity.

Histological examination of kidney showed that the co-administration of GSPE in combination with thalidomide and carboplatin revealed attenuation in the kidney tissues ([Fig. 7](#fig0035){ref-type="fig"}). Also, the results of Ray et al. \[[@bib0310]\] suggested that GSPE is bioavailable, and its significant potential to prevent cisplatin-induced acute renal failure may be attributed to the attenuation of renal tubular damage and enhancement of the regenerative response of the damaged tubular cells. GSPE supplementation might ameliorate cisplatin \[[@bib0280]\], anti-inflammatory effects \[[@bib0315]\] and this is in agreement with the obtained data that shows decrease of cytokines and tumor suppressor P53 expression in kidney ([Fig. 1](#fig0005){ref-type="fig"}). From the view point of pathophysiology, the major cytotoxicity of cisplatin is inhibition of DNA synthesis and the production of reactive oxygen species; consequently, the mechanism underlying proanthocyanidins nephroprotection may be due to their marked radical scavenging ability \[[@bib0320]\].

5. Conclusion {#sec0075}
=============

Chemotherapy diminishes the normal homeostasis of the body, a fact which is particularity applicable for carboplatin and thalidomide treatment. Despite their effectiveness, the doses of carboplatin and thalidomide that can be administered are limited by their neurotoxicity and nephrotoxicity. In the present study, it is clear that carboplatin and thalidomide exposure resulted in the induction of inflammatory cytokines, P53, lipid peroxidation, and reduction in neurotransmitters and antioxidant enzymes, as well as alterations of biochemical parameters and histological examinations in brain and kidney tissues of rats. Carboplatin and thalidomide-induced oxidative stress has been proven to be responsible for the induced neurotoxicity and nephrotoxicity of the drugs. Antioxidants have proven to be effective in ameliorating chemotherapeutic drugs-induced toxicity in many preclinical and few clinical interventions. Concomitant treatment of GSPE with the combination of carboplatin and thalidomide provided near complete protection in terms of brain and kidney cytokines, P53, neurotransmitters, oxidative stress, antioxidant enzymes activity, biochemical and histological changes. Therefore, we suggest that GSPE may be a potential preventive agent against neurotoxicity and nephrotoxicity induced by carboplatin and thalidomide.
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